INTRODUCTION
Neurovascular coupling is the generic term for changes in cerebral metabolic rate of oxygen (CMRO 2 ), cerebral blood flow (CBF), and cerebral blood volume (CBV) related to brain activity (Frostig et al., 1990; Maki et al., 1995; Villringer and Dirnagl, 1995) . The goal of this paper is to better understand the effects of neurovascular coupling.
In recent years several techniques have been applied to determine these parameters during functional brain activation, where the parameters are either measured directly or calculated from other measurands. Magnetic resonance imaging (MRI) measures CBF and CBV using a contrast agent (Wirestam et al., 2000) . With positron emission tomography, CMRO 2 and CBF can be determined (Meltzer et al., 2000) . While both techniques provide an excellent spatial resolution on the order of millimeters, continuous monitoring is not possible due to its relatively low time resolution (s) and the requirement of the application of a contrast agent. MRI directly determines changes in deoxyhemoglobin concentration [HHb] through the blood oxygen leveldependent (BOLD) signal with a high time (ϳ0.5-s) and spatial (ϳ0.5-cm) resolution. However, changes in [HHb] are not measured quantitatively and they do not provide any information on oxyhemoglobin concentration [O 2 Hb] . Near-infrared spectroscopy (NIRS), due to its high time resolution (ms) and good spatial resolution (cm) offers the option of continuously recording changes of physiological parameters during brain activation. Due to this and its other advantageous features such as noninvasiveness, the capability to be performed at bedside, the absence of ionizing radiation, and the relatively low cost, it has been increasingly used in brain research (Hoshi et al., 1994; Villringer and Chance, 1997) . It detects changes in [O 2 Hb] and [HHb] and therefore total hemoglobin ([tHb] ), which corresponds to CBV. In addition to the change in the CBV the changes in CBF and CMRO 2 also affect the [O 2 Hb] and [HHb] traces (Mayhew et al., 2000) . Considering the following theoretical implications, the influence of CBV, CBF, and CMRO 2 on the [O 2 Hb] and [HHb] traces can be demonstrated.
Assuming a one-compartment model, an isolated change in CBF (Fig. 1, left The goal of this paper is to better understand the effects of the neurovascular coupling on the basis of our NIRS measurements and to test whether the effects are similar in different areas of the human cortex. We investigated two major areas of the human brain cortex during functional stimulation. The protocols included measurements over the visual cortex during visual stimulation and over the motor cortex during a contralateral palm-squeezing task. Maps of the traces for [O 2 Hb], [HHb], and [tHb] were generated and analyzed. The results obtained from the visual and motor cortices were compared between each other and to values and patterns reported in the literature.
MATERIAL AND METHODS

Instrument
We used a frequency-domain spectrometer (Oximeter, ISS, Champaign, IL, USA) which is described in detail elsewhere (Fantini et al., 1995) . In brief, the instrument operates at two different wavelengths, either 758 and 830 nm (motor stimulation) or 670 and 830 nm (visual stimulation). The light generated by 16 laser diodes (8 per wavelength) is intensity-modulated at a frequency of 110 MHz. The light from the instrument to the tissue and back to the instrument is guided through optical fibers. The incoming light is collected in photomultiplier tubes (PMT) and demodulated, and its mean intensity (DC), modulation amplitude (AC), and phase are determined. The output signals from the PMTs are sent to a computer for data processing.
Sensor
To reach the visual cortex, which lies deeper in the human head due to the anatomical structure, we used [HHb] as predicted by the one-compartment model. The shaded area indicates the period when the respective parameter is increased. Increases in cerebral blood flow or cerebral metabolic rate of oxygen produce symmetric patterns, which is not the case for an increase in total hemoglobin concentration. The latter also depends on the oxygen saturation of the additional hemoglobin. Fig. 3 ) of subject 2. a geometry with two crossed source detector pairs where we combined the light of two laser diodes for each wavelength (670 and 830 nm) to achieve a better signal to noise ratio. This geometry had been developed and described by our group earlier (Filiaci et al., 1998) . The source-detector distance was 3.5 cm and the probe covered an area of 2.4 ϫ 2.4 cm. Maps were generated by moving the sensor sequentially from location to location over the visual cortex and repeating the measurement.
FIG. 2.
For probing the motor cortex two detector fibers and eight paired source fibers (758 and 830 nm) were arranged in a geometry to obtain measurements from 10 channels simultaneously. The source detector distance was 3.0 cm and the probe covered an area of 6 ϫ 9 cm.
Protocols
For both protocols the subjects were placed in a dim quiet room.
Visual stimulation. The optodes were placed sequentially at eight different locations (four over each hemisphere) over the visual cortex using the inion as an orientation mark (Kato et al., 1993; Meek et al., 1995) . The distance between the locations over one hemisphere was 0.5 cm.
The stimulus was displayed on a checkerboard. The subject was asked to close her/his eyes during the resting periods and to focus on a light-emitting diode in the center of the checkerboard during the stimulation periods. One measurement cycle included three periods: (1) 10 s while the checkerboard was illuminated, (2) 20 s while the checkerboard was reversing, and (3) 30 s rest while the checkerboard was turned off. The entire time when the checkerboard was illuminated is regarded as the functional stimulation. For each location this cycle was repeated 20 times. Preceding the first and following the last stimulation cycle a 2-min baseline was recorded. The reversing frequency of the checkerboard was set to 2.0 or 2.5 Hz depending on the subject's heart rate to avoid pulse harmonics. After completing 20 cycles at one location the sensor was moved to the next position and the measurement repeated.
Motor stimulation. The sensor was placed over the left motor cortex (all subjects were right handed) using the C3 position as the orientation mark according to the international electroencephalograph 10/20 system (Steinmetz et al., 1989) . Measurements were recorded in all 10 locations simultaneously.
During stimulation periods the subject performed a palm-squeezing task with the right hand following the tact (1.5 Hz) presented by a metronome. One measurement cycle included a 20-s stimulation time and a 20-s resting period. This cycle was repeated 10 times. Before starting the measurement cycles and after finishing all 10 cycles, a 2-min baseline was recorded. Both protocols were approved by the Institutional Review Board of the University of Illinois at Urbana-Champaign.
Data Analysis
The raw optical data for AC were converted into values for [O 2 Hb] and [HHb] using the differential pathlength factor (DPF) method Wray et al., 1988) . We chose the AC for the calculation instead of the DC to reduce noise because the AC is not sensitive to ambient light; i.e., we can exclude any direct interference from the light used for the visual stimulation with the reflected light. The values for the DPFs for the adult head of 6.2 at 758 nm and 5.9 at 830 nm were taken from the literature (Duncan et al., 1995) and that of 6.95 at 670 nm from our own measurements (unpublished data). The changes in absorption (⌬ a wavelength ) were converted into changes in The raw data were recorded at a sample rate of 64 or 80 Hz, which was averaged down to 2.0 or 2.5 Hz to reduce noise for the visual stimulation. It was synchronized to the reversing rate of the stimulation. The sample rate for the motor stimulation was 1.6 Hz. For each location and subject separately, the repeated stimulation periods and resting periods were averaged time locked with respect to the stimulation (folding average 
Subjects
For the visual stimulation protocol three (two female, one male) and for the motor stimulation protocol four (four male) healthy volunteers with an age range of 18 -37 years were included. Written informed con-sent was obtained from all subjects prior to the experiments.
RESULTS
Visual Stimulation
In the visual cortex we found a remarkably strong correlation between the [O 2 Hb] and the [HHb] patterns (Figs. 2-4) . In 13 of a total of 24 locations the correlation coefficient was high (r 2 Ͼ 0.8 (Hirth et al., 1997; Obrig and Villringer, 1997) . We will interpret the results of our study on the basis of the one-compartment model described in the Introduction. Increased neuronal activity leads to a higher CMRO 2 (Hoge et al., 1999; Kim et al., 1999) . However, we do not see a pattern as in Fig.  1 (middle) (isolated CMRO 2 increase) because the CBF increases immediately after the onset of the stimulation. Our data showed no evidence of a delay between the CMRO 2 and the CBF increases. In other words we did not observe a short increase in [HHb] appearing at the onset of the stimulation, also known as "dip" (Malonek and Grinvald, 1996) These differences in the neurovascular coupling between the visual and the motor cortices are further confirmed by the statistics, which show a high correlation coefficient (r 2 Ͼ 0.8) in more than half of the locations over the visual cortex and in none of the locations over the motor cortex. Furthermore the slopes of the regression line are highly significantly different for the two cortices (P Ͻ 0.0000001).
To estimate the proportion of the change in CMRO 2 compared to the change in CBF, let us consider the following model. To keep the model simple we initially assume a negligible change in CMRO 2 . Furthermore, we suppose a mean absolute [tHb] of 73.8 mol/L (Wolf et al., 1997) and a mean CBF of 46.7 ml/100 g ⅐ min according to Meltzer et al. (2000) (59 ml/100 g ⅐ min) and Wirestam et al. (2000) (48 and 33 ml/100 g ⅐ min), which corresponds approximately to a cerebral hemoglobin flow (CHbF) of 749.9 mol/min (Wolf et al., 1997) Considering that arterial blood is completely oxygenated, we can deduct the change in CHbF from the decrease in [HHb] , which corresponds to the amount of hemoglobin washed out during a period of one MTT. The CHbF has to be increased exactly by that amount, which leads to an increase in CHbF of 0.31% (visual) and 0.24% (motor). The [tHb] can increase either by dilation of the blood vessels or by opening of additional blood vessels. The volume of the vessels is ⅐ r 2 ⅐ L ⅐ n, where r is the radius, L is the length of a vessel, and n is the number of vessels. In the case of dilation the r ϳ [tHb] 1/2 ; i.e., r increases proportionally to the squareroot of the [tHb] . Thus the radius would increase by 0.40% (visual) and by 0.075% (motor). The resistance of the vessels for a fluid is R ϭ (8 ⅐ ⅐ L)/( ⅐ r 4 ), where is the viscosity; i.e., the R ϳ 1/r 4 . In our case the R would decrease by 1.6% (visual) or by 0.3% (motor). A decrease in R would lead to an equal increase in CHbF. This means that for the visual cortex we would expect a four-times-higher increase in CHbF than we have observed. This can be explained by an increase in CMRO 2 , which compensates 3/4 of the decrease in [HHb] (Fig. 1) . For the motor cortex we get approximately the correct change in CHbF, which implies that the CMRO 2 changes little during stimulation.
In the case of additional blood vessels opening up without any change in their diameter, the change in R will be inversely proportional to the number of blood vessels; i.e., R decreases by 0.80% (visual) and by 0.15% (motor), which again leads to an equal increase in CHbF. For the visual cortex we find an increase in CHbF, which is bigger than the one we actually find. However, for the motor cortex, we would expect from the change in [tHb] a lower increase in CHbF than we observe. This can be explained either by a reduction in CMRO 2 , which is very unlikely, or by the fact that the increase in [tHb] is caused by a dilation of vessels rather than by an opening of additional vessels. Grubb et al. (1974) We have not used the same sample rates for the visual and motor cortices; i.e., we have more data points for the stimulation and rest periods for the visual cortex than for the motor cortex. A higher number of data points generally reduces r 2 but does not affect the ratio of a linear regression. Thus using the same sample rate would have increased the difference in r 2 between the visual and the motor cortices. It is difficult to compare the signal-to-noise ratio of the measurements between the two cortices, because it depends on factors which are difficult to assess, such as the absolute intensity of the detected light, the optical properties of the tissue, and the physiological background noise.
Could the strong correlation between [O 2 Hb] and [HHb] in the visual cortex be due to an artifact? The crossed source detector pairs could be subject to a partial volume effect; i.e., the light bundles are probing different volumes of tissue. This is always the case to some extent, even if the probes are not crossed as in the motor cortex setup, because different wavelengths probe different volumes of tissue. In addition the source detector distance affects the penetration depth of the light bundle. From the diffusion approximation of light transport through tissue, we estimate that the variability in mean penetration depth caused by different source detector distances and different wavelengths are minute (Ͻ1 mm). Furthermore, if the strong correlation was caused by a partial volume effect, we would expect different slopes in the regression lines, depending on the location in the map, which is clearly not the case. Furthermore, in every location the raw optical intensities at both wavelengths changed in opposite directions. This excludes many other effects, such as movement artifacts or changes in light scattering, where the intensity at both wavelengths would shift in the same direction. In addition when using a -sensor on the motor cortex we did not find the strong correlations found for the visual cortex. Toronov et al. (2001) compared simultaneous fNIRS and fMRI measurements during a motor activation task. They found a good temporal correlation and collocation of the changes in [HHb] measured by fNIRS with the BOLD signal measured by fMRI and were able to demonstrate the intracranial origin of the NIRS signal. (Fig. 4) Grubb et al. (1974) that total hemoglobin concentration and cerebral blood flow increase simultaneously (shaded area). The pattern exhibits characteristic features which were not found in vivo.
The [O 2 Hb] signals in the motor cortex have two maxima during the stimulation. This effect has been found previously (Hirth et al., 1997; Obrig and Villringer, 1997; Colier et al., 1999) and appears to be typical for the motor cortex. In Figs. 5 and 6 the [O 2 Hb] starts to increase approximately 2 s prior to the finger-tapping exercise. This effect has been demonstrated previously (Roth et al., 1996; Colier et al., 1999) and is probably due to the mental simulation of movements in anticipation of the exercise. It has been found in 66% of the subjects.
The fact that the patterns are more localized in the visual cortex than in the motor cortex can also be attributed in part to the crossed source detector pair arrangement, which is expected to give a better spatial resolution (Filiaci et al., 1998) .
CONCLUSION
In the visual cortex the pattern of the [O 2 Hb] is strongly linearly correlated to the pattern of [HHb] , which is not the case for the motor cortex. This implies that the regulation of perfusion in the visual cortex is different from that in the motor cortex. There is evidence that the CMRO 2 increases substantially in the visual cortex, while it remains virtually unchanged in the motor cortex. 
